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A new approach for growing zinc oxide crystals is underway at Cermet, Inc (Atlanta, GA, USA). The tech- 
nique is a high pressure, direct melting technique, which has advantages over other ZnO growth techniques. 
To date, substrates with 1 cm2 area have been fabricated. Two-centimetre and, subsequently, two-inch diam- 
eter substrates are the objective of a ZnO substrate development plan. This technique will enable the pro- 
duction of high quality, low cost ZnO crystals for a range of applications, including substrates for 
nitride-based light emitters and power devices, energy detectors, and oxide-based devices. 
G allium nitride and its alloys (GaN, GaInN and AlGaInN) have attracted 
worldwide attention over the past 
decade.The attention is a result of 
demonstrated ultraviolet (UV) de- 
tectors [ 1,2], short wavelength 
laser diodes [ 31, high-temperature, 
high-power transistors [4], and the 
high volume sales of blue light- 
emitting diodes (LEDs) [5]. These 
applications constitute a multibil- 
lion-dollar market [6] and have at- 
tracted a frenzy of research 
globally in various aspects of sub- 
strate development, nitride film 
growth and device fabrication. 
ZnO for GaN 
There is a growing consensus in 
the device community that the 
lack of suitable substrates, lattice- 
matched substrates specifically, is 
hampering the development of de- 
tectors, high-power lasers, and 
high-power electronic devices. 
Most nitride lasers and transistors 
are grown on sapphire or silicon 
carbide substrates. When growing 
GaN on (0001) sapphire sub- 
strates, one has to cope with a 16% 
lattice mismatch [7], yielding dislo- 
cation densities as high as lo’-lo* 
cme2. For some nitride devices, 
these dislocation densities are tol- 
erable. With power transistor and 
laser diode structures, however, 
dislocation densities of this magni- 
tude are unacceptable and shorten 
the lifetime of the device. Silicon 
carbide is better suited as a sub- 
strate material, but is costly and 
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can generate stacking mismatch 
boundaries (SMB) in device struc- 
tures. Currently, device researchers 
are using an epitaxial lateral over- 
growth or ELOG process to mini- 
mize the defects produced by the 
poorly matched sapphire sub 
strate. The technique involves at 
least two additional lithography 
and deposition layers, increasing 
the direct cost of the epitaxial- 
ready substrate, and reducing the 
surface area available on the wafer. 
ZnO has a hexagonal crystal 
structure, is isomorphous with 
GaN (the space group for both is 
PG,mc), and has a lattice constant 
of 3.2498 A in the a direction.This 
results in a lattice mismatch of only 
2.2% between ZnO and pure GaN 
and a perfect match between ZnO 
and In,,,,Ga,,,,N [8,9]. Since zinc 
oxide is a semiconductor, top and 
bottom side connections would be 
possible for light emitter fabrica- 
tion. These properties make ZnO 
an attractive alternative to sap- 
phire and silicon carbide. Several 
research groups have recommend- 
ed the use of ZnO crystalline sub- 
strates for GaN growth. However, 
the high cost of these crystals and 
limited availability of substrate 
quality single crystals has restrict- 
ed research and investigation in 
this area. 
CaN alternative? 
Recently, a panel of experts came 
to the consensus that the electron- 
ic properties of GaN have not met 
expectations [ 101. This was attrib- 
uted to the lack of a native sub- 
strate for the nitride material sys 
tern. Another material currently 
being developed for high-tempera- 
ture, high-power electronics is Sic. 
One of the panelists, representing 
the US Army Research Office, indi- 
cated a reluctance to switch from 
Sic development to GaN given its 
problems. From a power device 
standpoint, Sic has similar prob- 
lems of its own; defect structures 
that can cause premature electric 
breakdown. 
Zinc oxide has a band gap of 
3.5 eV, which is very similar to that 
of GaN. Many researchers, national- 
ly and internationally, have recently 
recognized the potential for ZnO 
as a promising material for opto- 
electronics.The interesting proper- 
ties of ZnO are: (1) a large exciton 
binding energy (60 meV) which 
may be useful for efficient laser UV 
applications; (2) low power thresh- 
olds for optical pumping at room 
temperature; and (3) a tunable 
band gap from 2.8 to 3.3 eV and 
3.3 to 4.0 eV [l 11. It has been re- 
cently demonstrated that ZnO can 
be used as a source for short wave- 
length lasing [ 12,131. The intensity 
of optical excitation in ZnO epitax- 
ial films grown on sapphire sub 
strates was comparable to GaN. 
Research in this area has not, 
however, attracted significant at- 
tention in the past, due to lack of 
availability of high quality ZnO 
substrates and the lack of p-type 
ZnO. Recently, these important in- 
gredients were reported on by 
Cermet, and others in the USA and 
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Figure 1. Schematic of the ZnO crystal growth apparatus. 
Japan, laying the groundwork for 
&O-based devices in the future. 
ZnO crystal growth 
ZnO-based devices could also 
have an impact on the develop- 
ment of white LEDs. Currently, the 
white LEDs are being manufac- 
tured by combining an InGaN- 
based blue LED inside a 
phosphor-containing package. 
However, it is UV radiation, not 
blue, which would be the ideal ex- 
citation wavelength for these 
white phosphors. Since band-edge 
emission for ZnO is in the UV 
range, it is a very suitable starting 
material for white LEDs. 
Figure 2. ZnO crystal grown from the melt. 
Until recently, bulk single crystal 
ZnO has been grown with sublima- 
tion and hydrothermal techniques. 
The hydrothermal technique uses 
extremely reactive zinc-containing 
solutions, which require platinum- 
lined hydrothermal vessels. 
Additionally, the crystal quality is 
poor, and the ultimate size is limit- 
ed. The sublimation technique pro- 
duces high quality material. 
However, the growth process is 
slow and results in a costly prod- 
uct. As a result, the limited sources 
for single crystal ZnO price the ma- 
terial at about US$5000-7500 per 
square inch. 
Many traditional crystal growth 
processes rely on growth from a 
melt or liquid.There is, however, lit- 
tle information on attempts to 
grow ZnO single crystals from a 
melt.There are at least three major 
impediments for growing ZnO 
using traditional melt growth 
processes. These are melt contain- 
ment, ZnO decomposition at at- 
mospheric pressure near the 
melting point, and crystal contami- 
nation. First, the estimated melting 
point of ZnO is very high - in ex- 
cess of 1880°C. Standard crystal 
growth techniques from a melt (at 
this temperature range) rely on the 
use of noble metal crucibles.These 
are platinum (melting point 
1769"~), or more commonly iridi- 
um (melting point 2425°C). Some 
platinum-rhodium alloy based cru- 
cibles have also been used. These 
crucibles have a limited lifetime, 
cause contamination to the melt, 
and are extremely expensive to re- 
place or repair. 
The use of a platinum or iridi- 
um crucible is prudent in inert 
atmospheres. However, an oxygen- 
free atmosphere cannot prevent 
the rapid and significant loss of lat- 
tice oxygen from ZnO at high tem- 
peratures. The reduction of the 
ZnO lattice stems from the fact 
that ZnO, at atmospheric pressure 
and temperatures near the melting 
point, rapidly loses lattice oxygen 
and reduces to a highly defective, 
non-stoichiometric ZnO,,,. To 
prevent this decomposition, a high- 
ly oxidizing environment is re- 
quired. For the crucible, however, a 
highly oxidizing environment 
would quickly oxidize even iridi- 
um at 1880°C. The oxide formed 
from the crucible would react with 
the ZnO, introducing impurities 
into the lattice. 
Cermet’s apparatus 
Cermet’s patented crystal growth 
technology is based on a pressur- 
ized induction melting apparatus, 
where the melt is contained in a 
cooled crucible. The melting and 
crystal growth apparatus is shown 
in Figure 1. 
Zinc oxide powder is used as 
the starting material, which is 
batched into crucibles ranging 
from two to eight inches in diame- 
ter. The heat source used during 
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the melting operation is radio 
frequency (RF) energy The RF en- 
ergy produces joule heating until 
the ZnO is molten (-1900°C). 
Once a melt is formed, the crucible 
is slowly lowered away from the 
heat source to allow crystallization 
of the melt.The system is also mod- 
ified to pull crystals using a 
Czochralski arrangement. 
Bulk properties 
The crystals grown from the melt 
were visually inspected for appear- 
ance and colour <Figure 2).A com- 
bination of optical and scanning 
electron microscopy (SEM) was 
used to evaluate the crystal texture 
and microstructure. Crystal struc- 
ture and perfection were deter- 
mined using a Bede QC2a, double 
crystal X-ray diffractometer. In ad- 
dition, photoluminescence (PL) 
spectra were gathered by irradiat- 
ing the sample with 5 mW of pow- 
er from a HeCd laser at 325 nm. 
Electrical properties such as resis- 
tivity, intrinsic charge carrier con- 
centrations, and mobility were also 
measured. 
Rocking curve analysis con- 
firmed that the crystals were of a 
very high quality, with a full width 
at half maximum @WHM) of ap 
proximately 125 arcseconds 
(Figure 3).Additionally, at 78 K and 
room temperature yielded peaks at 
373 nm (-3.23 eV) and 377 run 
(-3.29 eV), respectively (Figure 4). 
These peaks were slightly lower in 
energy than the band gap energy, 
but no deep state emission was ev- 
ident.The electrical properties of a 
pure, n-type ZnO crystal are shown 
inTable 1. 
What’s next? 
We have demonstrated that clear, 
colourless zinc oxide can be melt- 
ed and crystallized using Cermet’s 
melt growth apparatus. This tech- 
nique will enable the production 
of zinc oxide substrates at a cost 
that is competitive with sapphire. 
Under three separate programmes 
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Figure 3. X-ray rocking curve for melt grown ZnO, indicating a FWHM of - 125 arcseconds. 
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Figure 4. Photoluminescence spectrum for bulk ZnO. 
sponsored by the US Ballistic structure (in conjunction with 
Missile Defense Organization (BM- Structured Materials Industries, 
DO), Cermet is developing a scaled Inc, Piscataway, NJ, and Wright 
crystal growth process for ZnO State University, Dayton, OH), and a 
substrate fabrication, a ZnO device nitride field effect transistor on 
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Rh (cm3.c-‘) Resistivity (~XII) Density (cm3) Mobility (cm2.V1 .s-I) Tempemture (IQ 
______~. -1.23 x 10’ 9.43 x 10-2 -5.04 x 10” -1.31 x 102 296 
-1.72 x lo* 5.77 x 10-l -3.64 x 10’” -2.98 x lo* 78 
I 
ZnO bulk substrates (in conjunc- 
tion with Virginia Commonwealth 
University, Richmond,VA). 
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